I. INTRODUCTION

F
ROM an industrial point of view, one of the most interesting crystalline silicon (c-Si) solar cell technologies to obtain high-efficiency devices is the passivated emitter and rear cell concept. Recently, the industrial implementation of this cell type has been significantly simplified by using the so-called laser fired contact (LFC) approach for the creation of the back contacts of the cell [1] , [2] . This method is based on firing the rear Al metallization layer by a laser beam in order to create electrical point contacts between the Al layer and the silicon substrate through the passivation layer.
A key feature for the good operation of LFCs is the formation of an Al-doped p+ region under the contacted surface area. This is achieved by the diffusion of Al atoms from the predeposited Al layer into the molten Si. This p+ region not only creates a local back-surface field that induces a relatively low recombination velocity below the contacts, but also ensures a low-contact resistance.
LFC approach can be applied by using any of the dielectric layers that have demonstrated excellent c-Si passivating properties such as silicon oxide (SiO 2 ) [3] , silicon nitride (SiN x ) [4] , amorphous-silicon carbide (a-SiC x ) [5] , and most recently, aluminum oxide (Al 2 O 3 ) [6] . In the case of using the latter passivating material, an interesting alternative to the conventional LFC process can be applied. In this case, the Al 2 O 3 layer itself can be used as Al-dopant source for the formation of the p+ region, and hence, the LFC can be done directly onto the Al 2 O 3 /c-Si, instead of being done onto the Al/dielectric/c-Si stack. This approach enables a lower laser power operation in comparison with conventional LFC process where higher laser powers are needed to fire the aluminum through the dielectric layer. These type of LFC processes have been already used to fabricate solar cells showing efficiencies well above 20% [6] .
Despite the evident success in the implementation of the LFC approach in real devices, there is still a lack of information about specific features of LFCs such as the doping profile of the p+ region, the level of induced-stress, and/or the structural properties of the laser-processed region. The most likely reason for that is the difficulty to find experimental techniques that match a high-lateral resolution (below 10 μm) and sensitivity to the parameters wanted to be studied. Recently, a study of LFC cross sections [7] have demonstrated that Raman and photoluminescence (PL) spectroscopies in microconfiguration are techniques that fulfill the mentioned requirements.
In this study, we have carried out high-resolution microRaman and micro-PL spectroscopy measurements on different LFCs processed in Al 2 O 3 -passivated c-Si samples. Thanks to the high lateral resolution down to 1 μm achieved in our experiments, we have been able to perform a detailed study of relevant LFC properties such as the doping profile, inducedstress, and crystallinity fraction, giving an important insight about the LFC formation. Three LFCs processed at different incident laser power have been studied in order to analyze the influence of the laser power on the studied features. Finally, in order to complement the PL and Raman data, conductive-atomic force microscopy (c-AFM) measurements have been performed in order to study local resistance variations inside the LFCs.
It is worth to mention that the term LFC has been used since more than a decade to describe the firing of the predeposited aluminum through a dielectric layer. Despite the process used here is fundamentally different, its finality and application in solar cell devices is the same. For simplicity, we have maintained the term LFC to refer to our laser-processed locally doped regions.
II. EXPERIMENTAL METHODS AND MATERIALS
Samples under study were based on 2.5 Ω·cm boron-doped float-zone (FZ) crystalline Si (c-Si) wafers with a thickness of 250 μm and (1 0 0) crystal orientation. c-Si wafers were passivated by a 25-nm-thick aluminum oxide (Al 2 O 3 ) film which was grown by thermal atomic layer deposition. Laser fired spots were processed on the top of the Al 2 O 3 -passivated c-Si samples creating small apertures in the alumina layer and melting a small part of the underlying c-Si subsurface region. LFCs were processed by a 1064 nm Nd:YAG lamp-pumped laser working at 100 ns of pulse duration. Each contact is a consequence of six pulses at a repetition rate of 4 kHz. Three different LFCs processed with a laser power of 0.98, 1.1, and 1.43 W were studied, corresponding to pulse energies of 245, 275, and 357.5 μJ. The laser beam shows a Gaussian profile with a beam waist characterized by a radius of 70 μm at the focus plane where all the samples were processed. After laser processing and prior to carry out the measurements, samples were immersed in an HF 1% solution bath during 40 s (or until obtaining an hydrophobic silicon surface) in order to remove the Al 2 O 3 layer. Additionally, three boron-doped FZ c-Si wafers with doping densities of 1×10
15 , 5×10 18 , and 1×10 20 cm −3 were used in order to obtain reference Raman and PL spectra.
Micro-Raman and microphotoluminescence experiments were carried out with a WITEC alpha300. A diagram of the Witec equipment setup can be found in [8] . A diode-pumped laser with a wavelength of 532 nm was used as an excitation source resulting in a penetration depth of about 1 μm. MicroRaman and micro-PL measurements were performed with a 100 × VIS (visible), NA (numerical aperture) = 0.9 and a 20 × IR (Infrared), NA = 0.45, respectively. The resulting beam spot size on the sample surface is in diameter below 1 and 2 μm for Raman and PL measurements, respectively. Raman scattering signal was recorded through a 300-mm imaging spectrometer equipped with both a 600 lines/mm and 1800 lines/mm grating, and a 1024 × 127 CCD (charge-coupled device) camera visible-optimized, whereas PL signal was collected through an additional 300-mm spectrometer composed of two gratings (150 and 300 lines/mm) and a 1024 × 1 pixel linear InGaAs photodiode array optimized for spectroscopy applications in the range 1-1.7 μm. It is worth to mention that the incoming laser power on the sample surface for the Raman measurements was kept below 3 mW. With our configuration, 3 mW was measured to be the pumping limit to keep the photo-generated carrier density below threshold and, therefore, to avoid Fano resonances induced by high injection conditions [15] .
Local electrical measurements through the c-AFM technique were performed using a Digital Instruments Nanoscope IIIa Multimode AFM associated with the home-made conducting probe extension called "Resiscope" [9] . This extension allows us to apply a stable dc bias voltage (from −10 to +10 V) to the sample and to measure the resulting current flowing through the tip as the sample surface is scanned in contact mode, yielding a local resistance map covering resistance values in the range 10 2 -10 12 Ω. Current-Voltage (I-V) measurements are also permitted with this extension. Highly boron doped diamond-coated Si AFM cantilevers, with an intermediate spring constant of about 3 N/m, proved to be the most suitable AFM tips for making electrical measurements on LFCs. Due to the AFM tip radius (∼50 nm), c-AFM measurements offer a much greater lateral resolution. This latter depends on the electrical contact radius between the tip and the surface. In the particular case of flat surfaces, the electrical contact radius can be much smaller than the AFM tip radius. The probed depth remains in the nanoscale range, but it is linked, among other parameters, to the applied voltage and the local electrical transport properties.
III. RESULTS AND DISCUSSION
A. Doping Characterization by Micro-Raman Spectroscopy
Doping profiles in c-Si can be monitored by studying both the Full Width at Half Maximum (FWHM) [10] and the Fano resonance [11] of the first-order Si Raman peak. In particular, Fano resonances are evident in the Si Raman spectra at hole concentrations above 10 18 cm −3 by a characteristic asymmetry in the first-order Si Raman line. This asymmetry results from the resonant interaction between discrete phonon states and a continuum of hole states [12] , [13] . The Raman peak line shape can be described by the following expression [11] :
where I 0 is a scaling factor, k ph is the frequency associated to the Raman peak maximum, Γ corresponds to the FWHM, and q is the asymmetry parameter, which is correlated with the doping level of the sample being studied. The lower the q parameter, the higher the doping level. The first-order Si Raman peak can be also influenced by stress and/or by the material crystalline fraction. The former can be monitored by the peak frequency shift, whereas the latter is evidenced by a peak broadening from the c-Si to the amorphous-Si state. Fig. 1 shows the optical microscope images (left-hand side) and the corresponding Raman peak width maps (right-hand side) of the three LFCs under study processed at 0.98 (a) and (b), 1.1 (c) and (d), and 1.43 W (e) and (f). Maps were obtained from the raw Raman peak width, not from the fitted Γ. The corresponding LFC diameters were 43.8, 54.5, and 74.2 μm, respectively. For ensuring a good observation of the obtained data, the microscope images and the Raman maps of the three contacts have been represented with a slightly different scale. In addition for clarity, the physical dimensions of the LFCs have been represented in Raman maps by a green dotted circle. As explained previously, the width of the first-order Raman peak can be used to monitor the doping level of the sample under study. Hence, the zones that evidence an increase of the Raman peak width in Fig. 1 (brighter zones) are qualitatively correlated with zones with a higher doping level. The LFC processed at 0.98 W evidences slightly higher levels of doping at the central part of the contact. In contrast, the contact processed at 1.1 W [see Fig. 1(d) ] evidences a brighter concentric corona pointing out a wider Raman peak and consequently an increase of the doping level. Following the same trend, for the contact processed using the higher laser power [see Fig. 1(f) ], the border of the contact is the area that evidences a higher level of doping. The different Raman maps illustrated in Fig. 1 demonstrate that the laser power plays an important role on the distribution of the highly doped regions inside the contacts. More precisely, it seems that for higher laser powers, the highly doped regions move toward the border of the contact. Two-dimensional depth profiling across LFCs (maps not shown for space limitations) revealed the same results. This fact corroborates that the features of Raman maps shown in Fig. 1 were not affected by variations in surface topography of LFCs.
The correlation between the Raman peak widening observed in Fig. 1 and the expected increase in the doping density is confirmed by data shown in Fig. 2 . This figure shows the averaged Raman spectra corresponding to the zones with higher doping of images b, d, and f of Fig. 1 . In particular, the averaged spectra were calculated from the yellow-colored areas of Raman maps. An averaged spectrum corresponding to an unprocessed area (outer region of LFC) is also shown (yellow dashed line). In order to facilitate the observation of Fano resonances, Raman spectra have been represented using a semilog scale. As it can be observed, the Fano resonance is clearly identified for all Raman spectra except for the one obtained out of the LFC, which shows a symmetric Raman line shape. This qualitatively confirms that the brighter zones in maps of Fig. 1 are correlated with areas with a higher doping level. The increase in doping is also greatly confirmed by the inset, where the Raman spectra recorded from three reference c-Si wafers with doping levels of 1 × 10 15 , 5 × 10 18 , and 1 × 10 20 cm −3 clearly evidence the same trend concerning the Fano resonance. Another important feature observed in the main plot of Fig. 2 is that the LFCs processed with a higher laser power are associated to a higher Fano asymmetry. Hence, the use of higher laser powers results in LFCs with higher doping densities.
In order to get further important information about the LFCs formation, we depict in Fig. 3 the Raman spectra recorded at three specific points (r1, r2, and r3) inside two LFCs processed at 1.1 W (r1, r2) and 1.43 W (r3) (contact images and point positions not shown). A fourth Raman spectrum corresponding to a nonprocessed surface area is also represented Fig. 4 . Fitting using (2) of the Raman spectrum corresponding to the highlydoped region of the LFC processed at 1.1 W. Fit gave a q parameter of 59 which is correlated to a doping level of about 5.8×10 18 cm −3 .
as a reference. As it can be observed, in addition to the firstorder c-Si Raman line positioned at 520.9 cm −1 , new Raman bands can be identified at lower wavenumbers in the range between 500 and 515 cm −1 . These latter bands are commonly assigned to microcrystalline silicon [16] , [17] . Indeed, the Raman spectra of microcrystalline-Si are currently decomposed into three bands: crystalline (∼520 cm −1 ), intermediate band (500-515 cm −1 , usually interpreted as a signature of the grain boundaries or small crystallites grain size <10 nm), and amorphous (480 cm −1 ). The following decomposition is used to quantify the crystalline fraction [18] . The observation of these new Raman bands at specific points inside the LFCs suggests that molten Si material fraction solidifies in a structure involving crystallites, grain boundaries, and an amorphous phase, at least in specific zones inside the contacts. However, the crystalline fraction in these zones reveals to be high indicating a negligible amorphous component.
The contribution of microcrystalline-Si components to the obtained Raman spectra is further confirmed by the fact that all Raman spectra recorded inside the LFCs could be significantly better fitted using a rewriting of (1) that considers a second Lorentzian function related to the contribution of the microcrystalline Si formation. In fact, the expression that has been used to fit the Raman data is the following:
where A corresponds to the intensity, k m is the frequency of the peak maximum, and Γ m is the peak width of the Raman band related to the microcrystalline-like component. It is worth to mention that the position of the second Lorentzian function was limited to values between 505 and 517 cm −1 . As observed in Fig. 4 for a LFC processed at 1.1 W, the fit using (2) shows very good adjustment paving the way to obtain a reliable quantification about the doping level inside the LFCs. Table I shows the q asymmetry parameters resulting from the best fit of (2) to the Raman spectra related to the highly doped regions of the three LFCs under study. Data were calcu- lated from at least two LFCs for each one of the three values of laser power. The obtained q parameters clearly illustrate that the higher the laser power, the higher the doping density. According to the calibration tables reported in [10] and [11] , we have obtained maximum doping levels in the range of 1.17-3.83×10 18 , 4.58-6.06×10
18 , and 2.15-5.02×10 19 cm −3 for the LFCs processed at 0.98, 1.1, and 1.43 W, respectively. It is important to remark that the intensity of the second Lorentzian peak related to the multicrystalline component was observed to increase with higher laser powers. This suggests that the use of higher laser powers decreases the crystalline fraction of the solidified Si volume. Fig. 5(a) shows the Raman spectra center of mass map of a LFC processed at 1.43 W. The Raman spectra of the selected points (s1, s2, and s3) are represented in Fig. 5(b) . The center of mass was calculated considering a frequency range between 480 and 560 cm −1 ; thus, as confirmed by Raman spectra of Fig. 5(b) , it could be qualitatively correlated with the frequency shift of the first-order Si Raman peak. The first-order Raman line of s1, s2, and s3 Raman spectra is centered at 520.8, 519.3, and 518.7 cm −1 , respectively. Notice that the center of mass values represented by the color scale bar of Fig. 5(a) are shifted toward higher frequencies with respect to the Raman peak position values mentioned previously. This is induced by the contribution of the Fano resonance which moves the center of mass toward higher energies with respect to the peak maximum. As it can be seen, the Raman peak position suffers a red shift of about 2 cm
at the border of the contact. Interestingly, areas of the contact that show such a red shift exactly match with areas of the 1.43 W LFC that evidence higher levels of doping [see Fig. 1(f) ]. It has been reported, that Raman spectra obtained from samples with doping levels above 5×10
18 cm −3 not only exhibit the so-called Fano resonance, but also show a red shift in the Raman peak maximum [19] . The expected theoretical peak shift induced by an increase in doping satisfies:
where k 0 is the peak position of the bulk un-doped and stress free c-Si and ΔΓ is the change in the Raman peak width due to doping. The expected theoretical peak shifts resulting from (3) for a q parameter of 16 (see Table I ) takes values of about 0.5 cm −1 . These theoretical values are significantly lower than those observed in Fig. 5, i. e., about 2 cm −1 . This fact suggests that in addition to the red shift induced by an increase of the doping level, a second contribution in the Raman shift is also present. We correlate this second contribution with stress possibly induced by the laser process. LFCs processed at 0.98 and 1.1 W do not show any significant red shift in the first-order Raman peak maximum. Thus, the level of laser power used to process the LFCs probably plays an important role in the level of stress induced by the laser process.
B. Doping Characterization by Photoluminescence Spectroscopy
Band-to-band photoluminescence spectroscopy senses the radiative recombination between photo-generated electrons in the conduction band (CB) and the corresponding holes in the valence band (VB). As an increase in doping density induces a reduction of the energy gap between CB and VB, PL has been proven as a reliable tool for monitoring the band-gap shift in heavily doped c-Si [14] . In this sense, micro-PL spectroscopy is also capable to characterize the high doping levels expected inside the LFCs. In fact, micro-PL has been applied to characterize the doping density in laser-induced highly doped regions cross sections [7] . In our study, we study the position and line shape of the PL emission line by monitoring the center of mass of the PL spectra recorded inside the LFCs. Fig. 6 shows the PL center of mass maps corresponding to the LFCs processed at 0.98 (a) and 1.43 W (b). The averaged PL spectra obtained from the brighter zones of the PL maps are illustrated in Fig. 7 . As it can be seen, the shift of the PL spectra center of mass revealed by the color scale bars of Fig. 6 is linked to an increase of the PL intensity at lower energies. In particular, the PL spectrum related to the 0.98 W LFC evidences a slight increase of the left PL spectrum shoulder, whereas the PL spectrum related to the 1.43 W LFC shows a significantly higher increase of the left PL spectrum shoulder plus a red shift in the PL emission maximum. We correlate this shift of the PL line with a Si band-gap renormalization induced by a strong increase of doping in the measured material volume. The increase in the doping density is further confirmed by the inset of Fig. 7 which illustrates the PL spectra recorded from c-Si wafers with doping levels of 1×10
15 , 5×10 18 , and 1×10 20 cm −3 . As it can be seen, the inset and the main plot show the same trend. For all these reasons, we confirm that the brighter zones of the PL maps of Fig. 6 are associated to a higher doping level. Interestingly, the two represented PL maps greatly correlate with the homologous Raman width maps of Fig. 1 , demonstrating the successful application of microRaman and micro-PL techniques for studying doping-density variations above 1×10
18 cm −3 with submicron resolution.
C. Laser-Fired Contact Characterization by Conductive-Atomic Force Microscopy
Finally, the study of LFCs was completed by their characterization by means of c-AFM measurements. The aim of these studies is to analyze if the laser-processed material volume shows preferential conductive zones, and if that is the case, to study their correlation with the highly doped regions deduced from Raman and PL data. C-AFM measurements have been divided in two groups. First, we have performed electrical maps of complete LFCs with the intention to qualitatively evidence differences in terms of electrical conductivity. In addition to the electrical maps, I-V measurements were also performed. These measurements were done in static mode at various locations onto the LFCs. In order to minimize the well-known light scattering effects from the AFM laser, which can induce local photoconductivity [20] , the laser was turned-off for a brief moment before the I-V acquisition.
Representative c-AFM results obtained from a LFC processed at 1.43 W are shown in Fig. 8(a) . The upper part of the image shows the topography map, whereas the lower part of the panel corresponds to the local resistance map recorded while applying a voltage of +2 V. In the latter, the darker zones indicate the areas with a low local resistance, i.e., high conductivity. In particular, the border of the contact shows the highest electrical conductivities which decrease as you move to the center of the contact. The highest local resistance was evidenced in the outer region of the LFC (region that has not been processed). C-AFM data is in great agreement with Raman and PL data showed in the first part of the work, where highly doped regions of the contact processed at 1.43 W were detected at the border of the contact.
The I-V curves corresponding to the three points (t1, t2, and t3) depicted in the local resistance map of Fig. 8(a) are represented in Fig. 8(b) . The curves have been calculated from an average of at least 20 curves per point. As expected from the resistivity map, the curve recorded at point t1 is the one that shows a higher conductivity. Moreover, it also shows a good linearity evidencing an ohmic contact behavior between the diamond tip and the sample. In contrast, the I-V curve recorded at point t2 (central part of the contact) evidences a lower conductivity than that obtained at point t1. In addition, t2 curve shows a rectifying behavior. This can be explained by a higher potential barrier between the diamond tip and the less doped Si region. Of course, this scenario is even more evident for the I-V curve measured on the unprocessed region (t3). The potential barrier between the diamond tip and the nonprocessed surface (with a related doping density of about 5×10 15 cm −3 ) enlarges, creating a Schottky-like contact. In order to strengthen the consistency of the measurements, another I-V curve obtained onto the highly doped region of a contact processed at 1.1 W is also shown. As it was expected, the I-V curve shows a lower conductivity than the curve related to the LFC processed at 1.43 W. Again, the symmetry of the curve confirms the ohmic-like behavior of the contact between the tip and the highly doped sample region.
IV. CONCLUSION
In summary, the doping profiles in LFCs processed between 0.98 and 1.43 W in Al 2 O 3 -passivated p-type c-Si wafers have been studied. The laser power used to process the LFCs has been found to play an important role in the distribution of the highly doped regions. At powers around 1 W, the highly doped regions that reach doping levels of 2×10 18 cm −3 are preferentially located at the center of the LFCs. In contrast, for higher laser power values, the level of doping increases (levels of around 3×10 19 cm −3 have been observed for contacts processed at 1.43 W), and the location of the highly doped regions moves toward the border of the contacts. The high spatial resolution associated with our micro-Raman measurements has allowed to obtain consistent doping density values. Hence, micro-Raman is preferably the more appropriate tool to quantify doping levels with submicron resolution. We consider as an important result the observation of microcrystalline-like features in the Raman spectra recorded at specific points inside the LFCs, which suggests that the locally molten Si fraction solidifies in a microcrystalline manner.
Highly doped regions revealed by Raman measurements have been further confirmed by micro-PL spectroscopy. Regions with a higher doping density evidenced a blue shift of the PL emission line, which we correlate with the Si band-gap renormalization induced by the strong increase in doping. Although the sample volume measured by micro-PL is typically higher, and therefore, the spatial resolution is lower, micro-PL measurements have also shown a good sensitivity to doping variations. The high injection conditions and the subsequent reduction of the photo-generated carriers diffusion length [8] could favor to reduce the spatial resolution of micro-PL measurements.
Finally, Raman and PL data have been further confirmed by local I-V curves recorded through conductive-AFM. I-V characteristics obtained on highly doped areas featured an ohmiclike behavior, whereas I-V curves recorded at regions nonprocessed by laser, i.e., regions with lower doping level, revealed a Schottky-like behavior.
